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Introduction
The global market for miniaturised products has been increasing continuously in the last decade . (HLG, 2011) . This trend is a direct consequence of the growing needs and demands across a range of industry sectors (e.g. biotechnology, energy, medical, optoelectronics, micro-optics, printed electronics and ultra-precision engineering) to integrate multiple functionality in the smallest possible enclosures/packages by combining the latest advances in functional materials and high throughput micro and nano manufacturing technologies. In addition, the development of such multifunctional miniaturised products offers other important advantages, in particular significant cost, size, material usage and power consumption reductions.
Thus, it is not surprising that this trend for function integration in current and new emerging products has motivated researchers to look for new ways to "harness" the latest advances in functional materials and micro and nano manufacturing technologies and thus to create manufacturing capabilities for function and length scale integration (FLSI) at part and product levels (Bigot, Minev, Dimov, & Dobrev, 2011) . These capabilities underpin the development of new miniaturised devices that depends on the manufacture of components incorporating functional features covering the whole range of sizes from few 100 µm to sub-100 nm. In addition, to achieve FLSI in a single part it is very important to explore the opportunities that new specially developed materials can offer and thus to benefit from their "optimised" properties for micro and nano scale processing (Dimov, Brousseau, Minev, & Bigot, 2012) .
Micro and nano manufacturing technologies that underpin the development of multifunctional miniaturised products are limited in their capabilities for producing structures with different length scale features cost effectively, from a few millimetres down to nanometres, in different materials (Dimov et al., 2012) . Therefore, the capabilities of complementary and at the same time compatible manufacturing technologies are usually combined in process chains to produce miniaturised devices incorporating different length scale features. Such process chains can provide the necessary manufacturing solutions for achieving both high throughput and cost effective production of micro and nano structured parts and devices. So, the efforts of research groups and companies are focused on designing, validating and implementing processes and process chains that satisfy the specific functional and technical requirements of new emerging multifunctional miniaturised products and thus to create the necessary pre-requisites for their scale up manufacture Tosello, Bissacco, Tang, Hansen, & Nielsen, 2008; Velkova et al., 2011) .
The integration of complementary and compatible technologies into process chains has been attempted before in developing promising micro manufacturing platforms (Dimov et al., 2012) .
However, there are many important factors and processing constraints that need to be considered when combining and integrating micro and nano fabrication technologies. Therefore, it is really a challenging task to design and implement successfully process chains aiming at FLSI in innovative miniaturised products. In particular, it is necessary for the interfaces between component manufacturing technologies in the process chains to be analysed systematically in terms of their Capabilities, Complementarities and Compatibilities (C3) , and this represents an important prerequisite for their successful design and implementation.
A systematic study of technological interfaces between micro and nano fabrication technologies conducted by the authors revealed that the material of the workpiece plays a very important role in their successful integration and also in achieving FLSI in parts or replication masters Minev, Vella, Brousseau, Dimov, Scholz, et al., 2010; . Hence, when designing such chains it is necessary to utilise materials that facilitate the integration of the considered component manufacturing technologies, and at the same time satisfy the functional and technical requirements of the final product or master. For instance, to combine successfully the capabilities of two micro and nano structuring technologies, e.g. focused ion beam (FIB) machining and laser ablation, it is necessary to select a workpiece material with a favourable processing response to both technologies and also to take into account their respective constraints in producing different length scale features with the required surface integrity (Li, Minev, Dimov, & Lalev, 2007; Quintana, Dobrev, Aranzabe, Lalev, & Dimov, 2009; Vella et al., 2010) .
The paper presents an experimental investigation of a process chain that is enabled by the use of a bulk metallic glass (BMG) as a workpiece material that combines the capabilities of the laser ablation and FIB machining technologies in producing replication masters incorporating micro and nano scale structures. To demonstrate its viability a mould insert was fabricated and then used to produce a batch of polymer parts by micro-injection moulding. Such a process chain can be used for mass production of polymer parts incorporating different length scale features.
The paper is organized as follows. Section 2 discusses generic process and material related issues that have to be considered in achieving length scale integration in master-making process chains. It also provides an overview of the component technologies investigated this research. Then, Section 3 describes the experimental set-up employed to validate the capabilities of the proposed process chain. Finally, the obtained results are presented and discussed, and conclusions are made.
Process Chain Design
When designing process chains it is necessary to take into account the technical requirements of the product or replication master together with the processing constraints of their component micro and nano manufacturing technologies. Also, as it was already stated, the selection of a suitable workpiece material to facilitate the integration of these technologies into a process chain is an important factor in producing parts or replication masters with different length scale functional features. Specifically, the microstructure and properties of a workpiece material need to be considered as one more "variable" in optimising the process chains, and thus to achieve a suitable level of C3 between the component fabrication technologies. The selected material should have a microstructure that is optimised for performing processing both at meso/macro and micro/nano scales. In particular, the micro or nano structuring response is favourable if, such a material is homogeneous and inclusion free at the considered processing scales. Thus, the material microstructure and properties of the workpiece are a critical factor affecting the machining results and their consistency in micro and nano manufacturing. Therefore, it is even more important when designing process chains aiming at FLSI in replication masters to identify suitable combinations of complementary structuring technologies and a workpiece material with a favourable machining response to them.
Process and Material Issues
Major advances in material processing technologies and especially in the development of amorphous coatings and alloys have attracted a considerable interest in recent years. This is due to the fact that the high hardness, fracture toughness and fatigue strength of such materials represent important value-added properties in a number of engineering applications (Inoue, 2000; Zhang, Liu, & Zhang, 2006) . For example, amorphous coatings are advantageous for manufacturing micro-electromechanical systems (MEMS) and micro-sensor systems (Wang et al., 2007) . Additionally, due to absence of any long range atomic order, lattice defects and grain boundaries (Kawasegi et al., 2006) , amorphous metallic alloys are considered promising materials for micro and nano-structuring of replication masters (Minev, Ilieva, Kettle, Lalev, Dimov, et al., 2010; Quintana et al., 2009 ). The absence of grain boundaries in BMG makes them mechanically and chemically homogeneous for processing at all length scales down to a few nanometres. As a result, they are one of the preferred materials for micro-and nano structuring (Loffler, Kundig, & Dalla Torre, 2007) . However, to benefit from their outstanding properties and employ them successfully in different application areas, it is of prime importance to maintain their non-crystalline morphology during machining, especially when producing parts incorporating micro-and nano-scale features (Quintana et al., 2009) . In a recently conducted feasibility study, it was shown that the processing of an amorphous Nickel-based alloy workpiece with both nano-second (NS) and pico-second (PS) pulsed laser ablation did not trigger phase transitions in the material (Quintana et al., 2009) . In particular, the reported research revealed that machining with both laser ablation regimes did not lead to any crystallisation and long-range atomic ordering of Ni-based metallic glasses. Additionally, there were no signs of crack formation, which indicates a preserved surface integrity after laser machining with short-and ultra-short pulses.
Another study reported the effective machining of Mg-based BMG using a 355nm pulsed NS laser. In this study it was demonstrated that by an appropriate adjustment of the laser parameters the noncrystalline morphology of the Mg-based BMG was preserved (Lin, Lee, Hu, Li, & Huang, 2012) .
Hence, both PS and NS laser machining regimes should be considered as very promising methods for the cost effective micro structuring of metallic glasses.
Another study which compared the machining response of an amorphous and polycrystalline Ni alloys when subjected to FIB milling, showed that a higher surface integrity could be achieved when processing the amorphous Ni-based BMG under identical conditions to those used for the polycrystalline Ni alloy .
Thus, laser ablation in NS and PS regimes and FIB milling satisfy the C3 prerequisite for their integration in process chains and are promising combinations of complementary technologies for structuring BMGs at micro and sub-micron length scales respectively without introducing any changes in their non-crystalline morphology. In particular, the potential integration of PS laser ablation and FIB machining in a process chain reported in a feasibility study (S. Scholz et al., 2009) suggested that PS laser ablation can be used for cost effective micro structuring of large areas on replication masters while FIB milling can be utilised to machine on a pre-existing topography very complex micro and submicron 2.5D and 3D structures. The same rationale also applies to the combination of NS laser ablation and FIB milling in a process chain. Thus, the component processes in such process chains can be utilised in their cost effective processing windows and complement each other in achieving FLSI in replication masters.
In the proposed master making process chains that are enabled by the use of a BMG as a workpiece material, first laser ablation is employed to structure relatively big surface areas with meso and micro scale resolution and acceptable surface integrity, and subsequently FIB milling is applied to achieve high resolution sub-micrometre and nano patterning within a relatively small field. In this manner, by combining the capabilities of these two complementary technologies it is possible to achieve cost effective FLSI in replication masters and benefit from the BMG' s superior mechanical properties for micro injection moulding (µIM) of thermoplastic polymers. A more detailed description of the capabilities of these component technologies in the proposed master making process chains is provided in the following sub-sections.
Laser machining
Laser micromilling as a technology for manufacturing replication masters has attracted research (Dobrev, Dimov, & Thomas, 2006; Petkov, Dimov, Minev, & Pham, 2008; and industrial interest (M. Knowles, Kearsley, & Karnakis, 2007) . Laser milling can be used to structure parts in a wide range of materials directly from CAD data via a layer by-layer machining strategy (Pham, Dimov, Ji, Petkov, & Dobrev, 2004) . Material removal occurs as a result of laser irradiation and depending on the laser source and the workpiece, the ablation can take place through melting and ejection or sublimation . The process allows parts with complex shapes to be produced without the need for expensive tooling. Laser milling is mostly used for machining parts from one side only. However, complete laser milling of parts is also possible, but it is necessary to address the accuracy issues associated with the re-positioning of the workpiece, which are common process design concerns when more than one machining setup is necessary (Pham et al., 2004) .
To set up the laser milling process and achieve the required surface integrity it is usually necessary to take into account a range of factors that can influence the machining outcomes (Pham, Dimov, & Petkov, 2007) .
These include laser processing parameters and applied machining strategies (Fleischer & Kotschenreuther, 2007; Lalev et al., 2009; Uriarte et al., 2006; B. Wu & Ozel, 2011) . Thus, their interdependencies and effects on different output characteristics such as the achievable surface integrity or the material removal rate have to be studied systematically in order to identify optimum processing windows. Short, NS, and ultra-short laser sources, femtosecond (FS) and PS, have many applications in micro-machining of metals, semiconductors, and dielectrics for the fabrication of electronic, medical, optical and other devices(B. Wu & Ozel, 2011) . The ultra-short lasers have the advantage of extremely high radiation intensities and thus can ablate almost any material with minimal and sometimes even negligible heat affected zone and therefore they are used for precise material removal (Brousseau, Dimov, & Pham, 2010; B. Wu & Ozel, 2011) .
NS laser technology is mature and is widely adopted in industry for micro machining (M. R. H. Knowles, Rutterford, Karnakis, & Ferguson, 2007) . This is largely due to their cost-effectiveness and reliability and therefore NS lasers are used in many industrial applications. A major advantage of NS laser ablation is their achievable higher removal rates when compared to lasers with shorter pulses (Quintana et al., 2009 ).
However, micro machining can be a challenging application for NS lasers. Good quality sidewalls can generally be obtained, but it is usually very difficult to achieve the necessary surface integrity for some applications, e.g. replication masters (M. . The ultra-short lasers, FS and PS, have a number of advantages in micro machining. The very high repetition rate of the latest generation of FS and PS laser sources together with the advances in the scanning heads' technology allow the resulting surface integrity to be improved substantially while maintaining a higher processing speed (Fleischer & Kotschenreuther, 2007; . However, it is worth noting that such improvements are at the expense of the removal rates when NS and PS laser machining results are compared.
Apart from micro machining, lasers are also used for surface texturing (Bonse, Kruger, Hohm, & Rosenfeld, 2012; Etsion, 2005) . Especially, they are applied for functionalising surfaces, e.g. to regulate cell-implant interaction for biomedical engineering applications (Vehse, Lobler, Schmitz, & Seitz, 2012) , to reduce the surface friction in mechanical devices (Chen et al., 2012) , to modify the wetting properties of the surfaces (Fadeeva et al., 2011; P. H. Wu, Cheng, Chang, Wu, & Wang, 2011) , or to reduce the surface reflectance (Nayak & Gupta, 2010) . Such applications are also very interesting for master making as laser surface texturing rates are still low for cost effective direct structuring of parts with relatively large surface areas.
In this research, the choice of the laser source requires careful consideration in order to avoid any detrimental effects on the non-crystalline morphology of the BMG workpiece. Such effects are of a particular importance for the proposed process chain as any phase transformations or crack generation will not only change the material properties of the replication master but can also affect any subsequent sub-micron structuring by FIB milling. Therefore, two alternative laser sources were considered as potential candidates for the first step in this master making process chain. The primary focus of the research is on investigating the feasibility of utilising PS laser machining in the proposed master-making process chain due to its capabilities for machining accurately micro features whilst preserving the mechanical properties and surface integrity of the workpiece material. However, it is also possible to optimise the NS laser ablation process and achieve a relatively good surface integrity while benefiting both from the higher material removal rates and the superior mechanical properties of BMGs as they can also be preserved during the processing with short pulse lasers. Therefore, it was also considered important to investigate the NS laser ablation of BMGs as an alternative component technology in the process chain, in particular what level of surface finish can be achieved without triggering any crystallisation.
FIB milling
The second stage in the process chain is FIB machining of sub-micron and nano-features over the pre-existing topography generated by laser ablation. The FIB milling process offers many advantages, such as flexibility, high resolution and high surface quality that are extremely important for master making (S. Scholz et al., 2009; Youn, Takahashi, Goto, & Maeda, 2006) .
The input data for FIB milling can be in a bitmap format when it is necessary to produce simple features like 2.5D channels. In this case, the data can be uploaded into most FIB systems directly.
Then, the built-in pattern generator of such systems is used to create directly the 2.5D features. A more sophisticated approach to 2.5D feature generation requires the use of a lithography software and hardware like Elphy Quantum (Raith GmbH) or Nanomaker where various 3D shapes can be designed, duplicated, and if necessary the respective exposure doses specified. However, the generation of complex 3D shapes like diffractive optical elements, necessitates a different data preparation procedure. Such 3D structures can be designed by employing any 3D CAD package and then, by following a sequence of data translation operations, the 3D geometry is converted into a stack of layers ordered along the vertical axis of the 3D model (Lalev, Dimov, Kettle, Van Delft, & Minev, 2008) . After such a 'slicing' step, the model is exported into a GDSII stream file format and each GDSII layer represents a set of exposure pixels defining a slice of the model at a given point along its vertical axis.
The main FIB parameters that should be considered when optimising the process are: ion beam current, ion beam fluence, and exposure time (Lalev et al., 2008; Li et al., 2007; Minev, Ilieva, Kettle, Lalev, Dimov, et al., 2010; Velkova et al., 2010 ). An ion beam sputtering simulation software can also be employed to predict and thus reduce some negative effects such as re-deposition of sputtered material and over-etching (Svintsov et al., 2009) . Its use as a data pre-processing step before FIB milling makes it possible to optimise the process parameters and even to modify the model in order to counteract material re-deposition effects (Velkova et al., 2010) .
Another important issue when structuring processes are integrated in process chains is the alignment of new features to any pre-existing features/topography on the workpiece. In the proposed chain, this alignment could be realised either by manually positioning the sample stage while inspecting the specimen in SEM or FIB imaging modes, or automatically, by using the ''feature recognition" option available in some FIB systems to find alignment marks machined in the preceding processing steps.
As stated previously, the main disadvantage of the FIB milling technology is its relatively low removal rates. Consequently, to address this issue and thus to be able to nano structure larger areas, a multiion beam concept was proposed that combines the high resolution capabilities of the FIB technology with the high throughput that parallel lithography systems can offer. In particular, to satisfy the requirements for high productivity, a projection maskless nano-patterning (PMLP) system has been developed (Platzgummer, Loeschner, & Gross, 2008) . A prototype, which incorporated 48,000 beams working in parallel, demonstrated a significant increase of the removal rates and improved resolution compared to conventional single FIB systems.
Micro Injection Moulding
The proposed master-making process chain can be used to produce masters for scale-up micro replication including µIM and hot embossing (HE) (Heckele & Schomburg, 2004) . In particular, µIM and HE can process any thermoplastic polymer and are considered important technologies for the cost effective serial fabrication of micro-parts (Giboz, Copponnex, & Mele, 2007) . HE is widely used for replicating structures with dimensions in the sub-micron range and with high aspect ratios. The process is very effective for producing such functional features and can minimise the stress induced birefringence due to the very low flow rates of the material in the imprinting plates. However, HE cycle times, which are usually in the range from 5 to 10 minutes, are relatively long and therefore this technology is more suitable for small to medium series production and prototyping (Giboz et al., 2007; Heckele & Schomburg, 2004) . Conversely, the shorter µIM cycle times, which are in the order of seconds makes it effective for high volume production with low production costs per part once the process has been properly configured. Given that the development of new micro devices is highly dependent on manufacturing systems that can reliably and economically produce micro parts in large quantities, it is clear that µIM provides a more attractive option. Therefore, in this study, the structured BMG inserts was used as a master for µIM in order to validate the proposed process chain.
When replicating micro and nano-structures employing µIM, the accuracy of the mould masters is an important prerequisite. Nonetheless, the complex flow and cooling behaviour of the thermoplastic materials can also have a significant influence on achievable product quality. It is therefore usually necessary to optimise the µIM process using design of experiments (DOE) approaches. There are numerous parameters which can influence the process but the most statistically significant factors (Attia, Marson, & Alcock, 2009; Giboz et al., 2007; Griffiths, Dimov, Brousseau, & Hoyle, 2007; Sha, Dimov, Griffiths, & Packianather, 2006) include: melt temperature; mould temperature; injection speed; holding pressure and duration; mould surface roughness; runner and gate design and venting/ vacuum systems.
Micro-moulding geometries typically have a very high surface to volume ratio when compared with macro scale injection moulded products, which means that polymer solidification can be very rapid, with cooling rates in a fraction of a second in many cases. Such conditions require short filling times to ensure the temperature of the material does not fall below the no-flow temperature before the mould is completely filled. The heat flow during solidification can also have a significant influence on the internal morphology of the part and also on a range of properties affecting its mechanical behaviour. Therefore, the thermal behaviour of the polymer-mould system can have a high impact on the final product's properties and therefore a very accurate control of the melt and mould temperatures is required to achieve a stable process. As a consequence the µIM process windows for quality components tend to be much smaller than those in conventional injection moulding. In particular, any small changes in the parameter settings can shift the process outside these small windows with detrimental effects on part quality. It is therefore very important to optimise the µIM process for the particular polymer in use and thus to ensure a stable and reliable micro replication process.
Experimental Setup

Insert Material
The BMG used in this study was a Zr-based BMG, namely Vitreloy 1b (Vit1b). The mechanical properties of this alloy are particularly attractive for the fabrication of high wear resistant mould inserts for µIM, especially its high tensile yield strength, 1.9 GPa, and high hardness, 540 Hv. Furthermore, it is expected that micro and nano-structures machined in this material will have a high level of surface integrity due to the fact that crystalline defects, such as dislocation pile-ups, point defect agglomerates and grain boundaries, are not present in the material. Using wire electro discharge machining, the Zr-based BMG sample was cut to produce a circular workpiece with a thickness of 3 mm and a diameter of 10 mm.
Test Structure Design
The 2D design of a Quick Response (QR) code is used as a test structure.
Fig. 1 Bitmap images of the QR code
The QR code is a specific matrix barcode that consists of square fields in black colour on a white background. The information encoded by such patterns can represent text or other data. The specific QR code used is shown in Fig. 1 and it consists of 29 x 29 black or white squares. This pattern was machined at two different length scales on the BMG workpiece. First, a micro scale pattern of the QR code was produced using laser ablation. At this scale, each square has a width of 75 µm and the white squares correspond to pockets with a depth of 10 µm. Next, a nano-scale version of the code was machined on top of a micro-scale black square, as shown in Fig. 1 , using FIB machining. In this scale, each square has a width of 2.59 µm and the white squares correspond to pockets with a depth of 900 nm. This test structure was selected to demonstrate the feasibility of incorporating different length scale features, micro and sub-micron, cost effectively into replication masters for anticounterfeiting purposes. In particular, such QR codes could be replicated on the surfaces of macro and meso scale polymer parts.
Laser Ablation
As it was stated in Section 2.2, PS and NS laser ablation can be used for micro machining of BMGs without triggering any crystallisation. Therefore, in this research two different laser systems were utilised to investigate laser-BMG interactions in these two ablation regimes.
The PS laser ablation is used for machining the features of the micro-scale QR code on the BMG workpiece. To perform laser structuring, first the bitmap file of the QR code was converted into a .dxf (Drawing Interchange Format) format, and then the model was scaled to ensure that the square fields are machined to the specified sizes of 75 µm x 75 µm. Next, this data file was used to generate the laser machining path. A layer-based machining strategy was selected for this study. In particular, the strategy included random "hatching" with a step over of four micrometres between the parallel passes of the laser beam and this was then followed by a border cut for each layer (Petkov, Scholz, & Dimov, 2008) . The PS laser ablation system used to perform this laser structuring operation incorporates a mode-locked Nd:YVO4 green (532 nm) laser source. The process settings used to carry out the PS laser machining are provided in Table 1 . The process settings were selected in such a way so that in parallel to the machining of the QR code, the machined fields were also textured with self-organised structures and thus to investigate the µIM capabilities when replicating surfaces with a wide range of micro and sub-micron features/structures. In addition, an experimental study was carried out to determine whether it would be possible by NS laser ablation to structure Zr-based BMG workpieces with a high surface integrity without triggering any crystallisation. A system that integrates a NS near infrared fibre laser was used to machine fields with depth of approximately 20 µm. Some initial trials were conducted with different processing conditions, in particular by varying scanning speed, pulse duration, repetition rate and fluence, to identify combinations of processing parameters for achieving a high surface integrity with a minimal thermal load. Based on these trials the process settings in Table 2 were selected as promising for achieving high surface integrity with minimal thermal damage. Using these settings 10x10 mm fields were laser machined on three Vit 1B samples for a X-ray diffraction (XRD) analysis. After completing the NS laser machining, the three samples were ultrasonically cleaned with a light degreaser to remove any debris without affecting the resulting surface roughness. It should be stressed that this was just a feasibility study to determine whether it will be possible by NS laser ablation to achieve a high surface integrity while retaining the BMG non-crystalline morphology. 
FIB Processing
The next process in the proposed chain was FIB milling of the features with nanometre depth over the micro-topography produced by laser milling. The nano-scale QR code was machined on the BMG workpiece using a Carl Zeiss XB 1540 FIB/SEM system that combines a gallium ion beam with an electron beam column. As it was mentioned earlier, the FIB milling process can be controlled by utilising a built-in software or an external nanolithography system (Lalev et al., 2008) . Given that the QR code represents a 2D image composed of black and white fields/pixels, the bitmap file of this pattern was processed directly by the built-in software of the FIB system to control the milling operation. The depth and accuracy of the structures fabricated by FIB milling are determined by the processing parameters used. In this study, the process was set up and optimised by conducting trials to find a suitable processing window and thus to achieve the best trade-offs between machining time and feature quality. Especially, in identifying the process parameters it was taken into account that FIB milling with low current results in a better pattern resolution but at the expense of longer milling times. It should also be noted that by increasing the processing time the possibility for quality deterioration and pattern drift also increases. The FIB milling parameters used in this study are provided in Table 3 . The alignment of the nano-scale QR pattern over the micro-scale code was performed by a manual stage control with the help of the FIB imaging mode of the system. The machine used to perform the µIM trials was a Battenfeld Microsystem 50 with a 5 mm diameter injection plunger. The BMG insert was integrated into a larger circular cavity mould and installed into a modular tool assembly based on a Hasco 95mm x 95mm standard. The cavity form is a disc with a 17 mm diameter and 0.5 mm depth. The tool is thermoelectrically heated using a cartridge heater array and temperature control was performed using the integrated control system in the machine.
Images in Figure 2 depict the assembled mould and one of the replicas.
(a) Mould assembly (a) µIM part A material commonly used in injection moulding for optical devices, namely Cyclic Olefin Copolymer (COC) with a trade name Topas 5013S was selected to conduct the replication trials.
Before the experiments, the polymers were placed in industrial desiccant dryers for four hours at the manufacturers recommended drying temperatures to remove any moisture.
To fill completely a mould cavity that incorporates micro and sub-micron features it is very important to select the right processing window. Taking into account the results of other experimental studies (Huang, 2007; Monkkonen et al., 2002; Sha et al., 2006; Tosello, Gava, Hansen, & Lucchetta, 2010) , some preliminary trials were conducted to identify an appropriate combination of parameter settings and thus to produce replicas of required quality.
The trials showed that the mould temperature had the highest influence on the replication quality.
Therefore, a set of experiments were subsequently performed with the mould temperature settings in Table 4 in order to investigate the influence of mould temperature on the replication fidelity in terms of feature width, depth and shape. These settings were selected based on the material manufacturer's data sheets, experimental investigations reported in literature, and the performed trials.
To obtain representative results, the µIM process was first allowed to stabilise for each set of process parameter settings by producing at least 40 components and then a small batch of parts was produced for quality assessments. The surface integrity and dimensional compliance to technical requirements of the tool and subsequently the replicas have to be assessed. Thus, a detailed dimensional analysis was carried out based on five key representative dimensions of both the laser and FIB machined QR codes on the BMG insert and their corresponding polymer replicas. In particular, the widths and the heights/depths of the smallest features and the overall size of the codes were measured. The equipment and the respective inspection procedures employed in this research are described below.
Scanning Electron Microscope
SEM images of the QR codes were taken at each stage of the process chain in order to assess lateral (XY) and vertical (Z) dimensions of the produced parts. One BMG master was used for the detailed dimensional analysis. Ten "pixels" located in the corners and the centre of both the "large" and "small" QR codes were measured in X and Y respectively to obtain the width values of the smallest features.
Whilst to obtain the values of the overall QR codes' dimensions, five measurements were conducted along the X and Y axes. All X and Y measurements were carried out using the SEM. For the height/depth measurements of the smallest features, 10 "pixels" of the "large" QR code were measured. These Z measurements were carried out at an angle of 54 o between the electron beam and the sample holder. The tilt compensation option of the SmartSEM software was used to calculate the actual values of the vertical dimensions. For the polymer parts' analysis, five replicated Topas samples were selected and each part was measured in the same way as the BMG insert.
Atomic Force Microscope
A representative area of the FIB milled and replicated small scale QR code was inspected with an atomic force microscope (AFM), Asylum Research MFP 3D, to judge about the FIB structuring and the µIM replication quality. The measurement was carried out when the instrument was in its tapping mode configuration. The probe used was parabolic in shape, with an apical tip radius of 15nm and a half cone angle (a) of 30°, from the vertical plane. The profiles of the features were obtained at the same place on the FIB milled insert and all µIM parts. For the mouldings, three samples were randomly selected from each batch of Topas 5013X parts. The dimensions of the scanned area were 50 x 50 µm. After the measurement, the data sets were processed using IGOR Pro 6 software in order to generate the average line profiles of the features and carry out on them depth and width measurements. Finally, the average profiles for each batch produced were compared to decide which combination of process parameters gave the best replication results.
Confocal microscopy
The laser and FIB patterns on both the insert and mouldings were inspected using an Olympus LEXT 4000 laser scanning confocal microscope. Two modes of operation were used, in particular a 20×
objective with a 25 image stitched dataset (5 horizontal, 5 vertical) for the large-scale QR code pattern and a single 100× image for the FIB structures.. The resolution of each image was 1024 x 1024 pixels and the overlap area for the stitching was 20%.
The surface roughness of the textured surfaces of the large scale QR-code on both the insert and the replicas together with the pixel step height measurements of the insert's "small" QR code were carried out using this confocal microscope. In particular, in order to determine the step heights, the integrated Olympus software was employed to obtain histograms of the height distributions. .Average step heights of the scan areas were determined by computing the difference between the individual mean heights of the histograms' two peaks as shown in Fig 3. For the polymer parts' dimensional analysis, five Topas replicas were measured in the same way as the BMG insert.
Fig 3 .
Step Height Measurement Using Olympus Software
This method for evaluating average step heights was validated using a Veeco SHV2119 step height calibration artefact where 5 measurements were performed at various locations on the sample using the magnification parameters adopted for each scan. The results fell within the ranges defined by the calibration certificate so it was accepted as a valid technique.
For assessing the replication quality of the FIB structures on the BMG insert and five Topas replicas from each mould temperature setting, three methods were used: i) Volume ratio. The volume of the features and cavities was determined using the LEXT software by considering the volume enclosed by the measured surface and a plane coincident with the original (pre-machined) surface. A ratio of the volume of the moulded feature relative to the original cavity volume was used as a measure of the replication quality.
ii) Sa ratio. The Sa parameter is the arithmetic mean of the absolute value of the height within the sampling area. The Sa parameter of both the features and cavities was determined using the LEXT software. The ratio between Sa of the moulded feature relative to the original cavity Sa was used as a measure of replication quality.
iii) Average step height ratio. As described earlier, the average step height was determined for the insert and each of the moulded specimens by using histogram information as shown in Fig 3. The ratio between the average step height of the moulded feature relative to the original cavity step height was used as a measure of replication quality.
XRD
The focus of the NS laser machining trials was to achieve as high as possible surface integrity without triggering any crystallisation and thus to preserve the attractive mechanical properties of Zr-based BMGs. Therefore, a XRD analysis of Vit 1B samples before and after laser machining to form 10x10 mm fields, was carried out using a Bruker D8 Advance' X-Ray Diffractometer with Ni filtered CuKa radiation to verify the amorphicity or otherwise of the four samples.
Talysurf 120L
The roughness measurements for the three NS laser machined samples were taken using a Talysurf 120 L surface texture measurement instrument. The sizes of the sampling/evaluation lengths were chosen according to ISO 4288:1997 (ISO4288, 1997 . The parameter used to evaluate the surface roughness was the arithmetic mean roughness (Ra) because relative heights in microtopographies are more important, especially when measuring flat surfaces.
Dimensional and Surface Roughness Measurements Uncertainty
The average values of dimensional measurements were calculated and where deemed applicable were also provided with their associated expanded uncertainty, U, (at 95% confidence level) which was determined, following an established procedure (Joint Committee for Guides in Metrology The error sources for the SEM and confocal microscope were identified by adapting the recommendations given in literature for SEM and other non-contact measuring systems (Tosello & Chiffre, 2004; Tosello, Hansen, & Gasparin, 2009; Tosello, Marinello, & Hansen, 2012; Tosello, 2008; Velkova, 2011) . In the case of the SEM, to account for the worst-case scenario the measurement uncertainty u(P) of the SEM measurements was calculated as 3% of the measurand's average value (Velkova, 2011) . The reported average surface roughness measurements are also provided with their associated expanded uncertainty, U, (at 95% confidence level) which was determined by following an established procedure (Leach, 2001 ) and by adapting recommendations given for surface roughness measurements in a separate study (Tosello et al., 2012) .
Results and Discussion
This section discusses the results obtained after each process step and includes the detailed dimensional analysis of the QR codes' micro and sub-micron structures. Fig. 4 shows the micro-scale QR code generated by PS laser ablation. As the PS laser machined features had tapered side walls, the measurements of their widths were taken at the bottom of the protrusions representing the black squares/pixels in the QR code.
Laser Milling
PS Laser Milling
The average depths and widths of one pixel in the bitmap image of the "large" QR code are provided in Table 5 . The table also includes the mean of the overall size of the QR code. It can be seen in Fig. 4 that the QR pattern was milled according to the scaled bitmap image and each pixel was textured with self-organised patterns. The average height of the PS laser milled fields, the white pixels of the QR-code, was estimated to be 13.92 µm (see Table 5 ) which differs from the targeted value of 10 µm, and also there was a draft angle on their walls. The functionality of the structured pattern, the QR code, can be affected by the dimensional accuracy of the milled square pockets but not by the depth variations and the surface texturing effects. However, the surface texturing might adversely affect the µIM process, in particular the part demoulding, if the textured fields represent a substantial part of the part surface area but this is not the case in the anticounterfeiting applications.
The average widths at the top and the bottom of the measured QR pixels were 83.07 and 98.62 µm in the X direction and 83.04 and 98.83 µm in the Y direction, respectively (Table 5 ). The average pixel widths both at the top and bottom are considerably larger than the targeted values of 75 µm. Also, the overall average dimensions of the "large" QR code are bigger, 2.770 and 2.772 mm in X and Y directions respectively as stated in Table 5 . These discrepancies are mostly due to not introducing a compensation of the beam diameter, 15 µm, in the laser milling strategies and also to some extent could be attributed to measurement errors as the edges of the QR code pixels are not well defined. It can also be seen in Fig 4 that some of the ablated material was re-deposited on the edges of the pockets/ pixels of the QR code that can lead to a further increase of the measurement uncertainty.
Overall, these results are encouraging but they also show that further work is required to optimise the laser milling process and thus to improve the quality of the machined structures. Table 6 reports the results of the surface roughness measurements after the NS laser machining of the 10x10 mm fields on samples 1, 2 and 3 that were measured using a sampling length of 0.8 mm and an evaluation length of 4 mm respectively in accordance with ISO 4288:1997 (ISO4288, 1997 .
NS Laser Milling
Measurements were carried out diagonally across the machined fields to give the most accurate roughness measurement. The obtained average roughness values and the corresponding SEM images of the laser machined fields on samples 1, 2 and 3 are provided in Table 6 . Table 6 shows that the best surface roughness, R a value of 0.16 µm, is achieved on Sample 2. However, the surface roughness of all samples is comparable to that achievable after micro milling and thus can be considered acceptable for producing µIM tooling inserts. Thus, it is necessary to analyse the XRD results to determine whether NS laser ablation can be used as an alternative component technology to the PS laser ablation in the proposed process chain. Fig 5 shows In Figs 5b and 5c it can be observed that there are a few weak but sharp crystalline peaks superposing on the broad humps meaning that they are still predominantly amorphous. Whereas for the sample 3 in Fig 5d there is a substantial increase in sharp crystalline peaks that indicates a substantial increase of the crystalline phase in the Vit 1b material. These results concur with those reported in another investigation where it was demonstrated that the non-crystalline morphology of a Mg-based BMG could be retained after optimising the NS laser ablation process (Lin et al., 2012) .
Thus, taking into account the surface roughness and XRD results obtained on the Vit 1b samples it can considered that after some further optimisation of the NS laser ablation process it will be possible to achieve the necessary micro machining response to potentially replace PS laser ablation in the proposed master making process chain.
FIB Milling
a) Overall view of Nano-scale QR code b) A magnified image of the nanoscale QR code
Fig 6
Nano-scale QR code generated by FIB milling Fig. 6 shows the nano-scale QR code structure fabricated by FIB milling. It can be judged from this figure that the structure was milled satisfactorily on the BMG workpiece. Similarly to the results reported in the previous section, Table 7 presents the average values for the measured heights and widths of the smallest features. Also, Table 7 includes the average values of the QR code overall size.
From these measurement results it can also be seen that the average widths in the X and Y directions at the bottom of protrusions are larger than the nominal value of 2.59 µm. Again, this difference could be due to both not introducing a compensation for the beam diameter, 40nm during the FIB machining and also due to measurement errors as the pixels' edges are rounded and difficult to locate precisely.
Besides these two factors, the discrepancies could also be the result of calibration and set-up issues associated with the FIB system used. The table also includes the overall average width of the nanoscale QR code, 76.63 and 78.11 µm in X and Y directions, respectively. Taking into consideration these values and also that each side includes 29 pixels, it can be calculated that the average widths of the pixels in X and Y directions are 2.64 and 2.69 µm, respectively. These two values are very close to the nominal pixel size of 2.59 µm. Again, as it was the case with the bigger QR code, through some process optimisation, the FIB machining accuracy can be improved but nevertheless as it is, the nano-scale QR code has the required resolution to fulfil its functional requirements. The height measurements of the BMG insert are given in Table 7 . It can be observed in Fig. 6b and Table 7 , that the average height of the structures was estimated to be 530 nm while the specified target value was 900nm. Again, this result could be explained both with not calibrating the sputtering process, in particular the sputtering rate for the selected FIB milling parameters in Table 2 , and also with the measurement errors associated with the quality of the "pixel" edges. An investigation of different factors that affect the accuracy of the FIB milling process was carried out in another research (Velkova, 2011) . The findings of this study showed that the deviations in sizes of complex 3D structures could be kept within 2 to 5 % of their nominal dimensions by employing a specially developed methodology for optimising the layer-based FIB milling process. As this paper reports a feasibility study, the process settings were not optimised using this methodology. Thus, through such optimisation it will be possible to improve substantially the accuracy of the FIB milling process.
Finally, Fig. 6b shows that there is a draft angle on the vertical walls of the milled pockets. This phenomenon is due to the positional drift of the pattern during the FIB milling process that is caused by relatively long machining times. As it can be judged from Fig. 7 , the nano-scale QR code was successfully structured over the pre-existing micro topography created by PS laser milling. The alignment of the nano-scale pattern was performed using the approach described in the previous section and the positional error was estimated to be less than 2µm. Utilising the BMG insert for µIM, polymer replicas in TOPAS 5013X (COC) were produced. Since the "small" QR code posed the greatest challenge, the replicated depths of the pattern were measured and compared for the five process settings in Table 4 and thus to determine the set of parameters which gave the best replication results. The surface topography was inspected using the SEM, whilst the instruments used to compare the QR code pattern depths were the AFM and the confocal microscope.
Figs 8a to 8f depict the SEM images of the polymer replicas produced with the five µIM process settings in Table 4 C. This is as expected because by increasing the mould temperature, the bulk temperature of the polymer can be kept sufficiently high to ensure the complete filling of the sub-micron surface structures (Griffiths et al., 2007; Tosello et al., 2010) . A histo-distribution generated from the AFM measurements of the inspected samples is presented in Fig 9 and concurs with the SEM surface analysis results. As can be observed in the figure the pattern height is much lower at the mould temperature of 80 o C. This is because the bulk temperature of the polymer cannot be kept sufficiently high and so the viscosity of the Topas 5013 melt remains relatively high, too. Consequently, the complete filling of the "small" QR code pattern cannot be achieved and thus resulting in premature solidification and incomplete filling of the small QR code features. From   Fig. 9 , it can also be observed that as the mould temperature increases progressively the polymer viscosity gets sufficiently low to fill the sub-micro features, and thus the cavities are filled much better. C sample, they still cannot be considered as edge-like. This is most likely due to the draft angle on the vertical walls of the FIB milled fields on the BMG insert and also possibly due to some trapped air in the mould. As suggested in literature the latter problem could be potentially eliminated by air evacuation from the mould just before injection (Attia et al., 2009; Giboz et al., 2007 ).
An C μIM trials was carried out by using the confocal microscope data sets. In particular, the replication quality of the FIB structures on the replicas at these temperature settings was assessed by applying the methods for the Volume, Sa and Average
Step height ratios as detailed in Section 3.6.3. The results are shown in Table 8 . The best average step height ratios are 0.945 and 0.947 respectively, and they indicate that the to investigate further the replication fidelity for both the "large" and "small" QR codes.
4.3.1. "Large" QR Code
The "large" QR code produced by PS laser milling on the BMG insert was replicated well as far as it can be judged by comparing the image of the replica in Fig. 11 with the insert in Fig. 4 . The PS laser texturing of the "large" QR code white pixels was replicated successfully on the polymer parts as can be seen clearly in Fig 12 and "nub" structures with relatively high aspect ratio and an average diameter of 4.09 µm were created. This average value was calculated based on the confocal microscope inspections of three Topas parts. In addition, the average Ra surface roughness of the parts' textured surfaces is 1.843 ± 0.41 µm. Comparing the diameters of the micro-holes and Ra values of the PS laser textured surfaces on the BMG insert with the diameters and Ra values of the replicated "nub" structures on the Topas parts, it can be judged that the texturing was replicated with relatively good fidelity. The use of BMG inserts for replicating such texturing effects on surfaces is very important due to their very high wear resistance and thus being capable of retaining the surface functionality for more µIM cycles.
Fig 12 Surface texturing of the "large" QR Code replica
The results from the inspection of the smallest micro scale features of the "large" QR code replicas together with the average overall size of the code are provided in Table 9 . If the dimensions of the pixels on the COC replicas and the BMG insert are compared in Tables 6 and 9 the deviation of the height is 3.52 % while for the width is 1.58% and 1.22% in the X and Y directions, respectively. These deviations are higher than the expected typical shrinkage values of 0.4 to 0.7% for this material but they could be explained both with some measurement errors and also the used injection moulding parameters which were not fully optimised.
The average width dimensions of the 29 "large" QR pattern's pixels can also be calculated based on the overall size of the code in Tables 5 and 9 . As stated before, these dimensions are likely to be more accurate estimates of the pixel sizes because the measurement error is "shared" between the pixels constituting the QR code. Thus, the average widths can be estimated to be 95.51 and 91.73 µm in the X direction and 95.58 and 91.64 µm in the Y direction for the BMG insert and the COC replicas, respectively. For the COC replicas, there is an average 5.7 µm difference with the as-measured pixel cavity values reported in Table 9 in particular 97.06 µm and 97.62 µm. This again can be explained with the measurement errors incurred whilst inspecting the individual pixels. Similarly, for the BMG insert, the average error between the estimated and the actual pixel sizes reported in Table 5 is approximately 3.18 µm. This means that the estimated average errors incurred when measuring the overall size of the "large" QR code on the BMG insert and COC replicas are 3.18 µm and 5.7 µm respectively. If these two error values are taken into account in the shrinkage calculation, the average percentage difference between the overall side lengths of the replicated large QR code and the laser milled BMG QR code is approximately 4.13%. From a statistical point of view, using the pairedsample t test, it can be stated with 99% confidence that the difference between the means of the BMG insert and COC parts is significant and they can be predominantly attributed to shrinkage. In this case, the actual shrinkage is higher than the expected typical shrinkage values reported for this material. However, it should be noted that by subjecting the COC material to a high holding pressure should help minimise material shrinkage. In particular, one of the techniques that have been suggested to decrease the effect of shrinkage is to increase the holding pressure however this increases also the stresses inside the mouldings (Giboz et al., 2007) .Thus, the results were not expected taking into account that a high holding pressure was used, 1300 bar, that is much higher than the recommended packing pressure for COC of 600 bar.
Overall, considering that this is only a feasibility study, and none of the component processes in the proposed chain have been fully optimised it can be stated that the "large" QR code was replicated with a relatively good fidelity. Also, it is clear that in order to produce a product with higher accuracy the laser machining and the micro-injection moulding stages in the process chain have to be optimised further and thus to improve the quality of replicated micro features. The analysis of the replication stage shows that the results can be affected significantly by the outcome of the preceding stages in the process chain, in particular the laser milling. Also, this feasibility study reveals some of the challenges in performing an effective dimensional quality control and reliable manufacturing when precise micro structures have to be produced. Fig. 13 shows that the "small" QR code was replicated successfully on the COC parts. The average heights and widths of the smallest features together with the average overall size of the "small" QR code are provided in Table 10 . If the dimensions of the smallest features on the COC replicas and the BMG insert are compared in Tables 7 and 10 the deviation of the height is 6.72 % while for the width is 3.36% and 6.15% in X and Y directions, respectively. Again, this is higher than the expected typical shrinkage values of 0.4 -0.7% for this material. The average dimensions of the 29 "small" pixels was also calculated based on the overall size of the QR code in Tables 7 and 10 From a statistical point of view, using the paired-sample t test, it can be judged with 80% confidence that there is a significant difference between the means of the small QR code overall side length of the BMG insert and the COC replicas. Therefore, it is not possible to state unequivocally if the observed difference is significant or whether it may be attributed to stochastic factors. This is reinforced even further when the magnitude of the measurement uncertainty is also taken into consideration with respect to the estimated percentage difference and the number of samples available.
Fig 14
Feature edge quality of the replicated "small" QR code.
As stated above, in Tables 7 and 10 , there is also a 6.72 % difference between the average height of the insert and the replicas that again could be attributed to the measurement errors, material shrinkage and not fully optimised replication process. Also, the research had revealed potential challenges in performing an effective dimensional quality control and reliable manufacturing at submicron scale. The feasibility study highlighted that further research is necessary to address specific shortcomings in the proposed master making process chain. As it was already noted all component technologies in the proposed master-making process chain have to undergo further optimisation. Such process optimisation can be achieved either by employing specially developed methodologies such as that reported earlier for optimising the layer-based FIB milling process or through the use of DOE methodology. The DOE approach can be applied by conducting first screening experiments in order to identify critical control/input factors and also how their magnitude and direction affects the response variable(s); and' subsequently by employing response surface methodology to optimise the operation conditions (Clark, Horrell, Rogelstad, & Spagon, 1995; Montgomery, 2009 ).
The quality of the laser machined surfaces influences significantly the replication capabilities of the tools (Dobrev, Pham, & Dimov, 2005) and this was clearly seen in this research, too. After the µIM trials the BMG insert had traces of polymer adhering to the textured pixels as it is shown in Fig 15. .
Thus, any laser texturing of inserts can lead to problems with the parts' demoulding if the surface area is relatively big and also to tool contamination as any polymer adhered to the mould will affect the replicas' quality. Thus, there is a need to optimise the laser machining process in order to ensure that any surface texturing or roughness does not cause problems during the replication stage. The NS laser machining results are very promising and demonstrate that the required surface quality for successful replication can be achieved. Taking into account the ablation mechanism when laser processing with ultra-short pulses is performed, it can be expected that an even better surface integrity than that reported for the NS laser ablation could be obtained after PS laser machining in terms of surface roughness without changes in the non-crystalline morphology of the BMG workpiece.
At the same time, it should be noted that the optimisation of the laser processing parameters will not be enough to produce sufficiently smooth surfaces for follow up FIB sub-micron and nano structuring.
This implies that additional surface conditioning and smoothening after the laser processing will be required. Recent results reported in the literature have shown that micro and nano scale features imprinted on Pt based BMGs may be erased by subsequent annealing in the BMG supercooled liquid region (Kumar & Schroers, 2008; Packard, Schroers, & Schuh, 2009 ) and thus to smooth the surface.
However, to make use of this process it is necessary to optimise it so that optimum annealing conditions for surface smoothening of Zr-based BMG masters are identified.
Fig. 15
Traces of polymer adherence on the BMG insert after µIM trials.
Finally, the replication results indicate that the Vit1B BMG is a promising candidate material for µIM master making. However, its durability and long term performance still need to be investigated before it can be considered as better alternative to the tooling grade steels used in both conventional and micro injection moulding. In particular, there is a need to assess the wear and fatigue performance of the Vit 1B BMG material when used in production runs.
Conclusions
A cost effective process chain for achieving FLSI in mass produced miniaturised devices was investigated in this feasibility study. It integrates compatible and complementary structuring and replication technologies by utilising a Zr-based BMG with very attractive mechanical properties. The capabilities of laser machining as a micro structuring technology were combined with those of the FIB milling to fabricate replication inserts incorporating micro and sub-micron structures. Then, to demonstrate the viability of the proposed master making process chain, the Zr-based BMG insert was integrated into a tool to produce a batch of thermoplastic parts by µIM.
The following conclusions about the proposed master making process chain and its component technologies could be drawn from this research.
• The NS laser machining showed that it is possible by proper selection of the processing settings to machine successfully Zr-based BMG workpieces with an acceptable surface integrity for µIM without triggering significant changes in the BMG short range atom arrangements. The results demonstrated that the required surface quality for successful replication can be achieved.
• With the selected PS laser processing parameters, it was possible to satisfactorily texture the BMG insert surface with high aspect ratio self-organised structures. Despite the fact that the selected PS laser machining parameters showed limitations with respect to the resulting structuring quality, it can be concluded that the PS laser process is a promising component technology for master making and also for achieving FLSI in replication tools.
• The viability of using Zr-based BMG masters to enable integration of compatible and complementary micro and sub-micron structuring and replication technologies for serial fabrication of FLSI thermoplastics components was demonstrated.
• The experimental investigation identified the factors affecting the performance of the proposed PS-FIB-µIM process chain. In particular, the following factors are considered to have the highest impact: the used process settings for its different component technologies, the Zr-based response to structuring technologies, e.g. PS Laser and FIB milling, with different specific processing energies and the metrology issue in inspecting multi-scale structures. However, it was difficult to quantify their effects on the overall performance of the proposed process chain.
Collectively, the results demonstrate that there is good process compatibility and complementarity between the component technologies in the proposed process chain, especially for the length scale ranges aimed at this research. Such a process combination can therefore be used for the mass production of polymer parts incorporating different length scale features in one step. However, it is important to note that this is a feasibility study and thus it is necessary to investigate the proposed process chain further, in particular the PS laser and FIB milling processes, as master making technologies for producing replication inserts incorporating different length scale features. This includes further research into the specific process-material interactions of the considered component technologies and thus to identify their optimum processing windows in regards to the surface integrity and accuracy of the machined features/structures. Also, further NS laser process optimisation is required in order to achieve even better surface quality, whilst simultaneously preserving fully the noncrystalline morphology of the Zr-based BMG after the laser irradiation. Finally, further work is also required to optimise the µIM process in conjunction with the master making process chain and thus to improve further the quality of the replicated multi-scale structures, which was not the objective of this research.
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